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Introduction {#sec001}
============

Toll-like receptors (TLRs) are pattern recognition receptors (PRRs), that are responsible for detection of microbial and viral pathogens and for induction of innate immune responses. Moreover, TLRs also influence adaptive immune responses, \[[@pone.0166322.ref001], [@pone.0166322.ref002]\] and this property has been linked to expression of TLRs on B and T cells \[[@pone.0166322.ref003], [@pone.0166322.ref004]\]. In particular, TLR expression by B cells has been shown to affect B cell responses \[[@pone.0166322.ref001], [@pone.0166322.ref005], [@pone.0166322.ref006]\]. The role of TLR expression in T cells has been more controversial \[[@pone.0166322.ref003], [@pone.0166322.ref004]\], but recent studies provided evidence that T cell-intrinsic TLR signaling modulates T cell responses \[[@pone.0166322.ref003], [@pone.0166322.ref004], [@pone.0166322.ref007]\]. These include the findings that, in LCMV-infected mice, T-cell intrinsic MyD88 (Myeloid Differentiation factor 88) expression is required for the expansion of virus-specific CD8 T cells \[[@pone.0166322.ref008], [@pone.0166322.ref009]\] and that, during *Toxoplasma gondii* infection, TLR signaling in T cells was demonstrated to be necessary for prolonged resistance to the pathogen \[[@pone.0166322.ref010]\]. Similarly, MyD88 signaling in CD4 T cells promotes IFNγ production in response to the intracellular bacteria *Ehrlichia muris* \[[@pone.0166322.ref011]\] and ablation of MyD88 in mouse T cells impaires Th17 and Th1 responses in an IL-1-dependent manner \[[@pone.0166322.ref012]\]. The last of these studies concluded that IL-1 induced MyD88 signaling rendered CD4 T cells refractory to Treg cell-mediated suppression. Overall, these studies demonstrate that TLRs are expressed on different T cell subsets and can modulate the response of these subsets in various ways.

One critical function of CD4 T cells is to provide help to B cells thus promoting effective humoral immune responses. However, despite the accumulated data on TLR signaling in T cells, the effect of this phenomenon on humoral immunity has not been studied. The experiments described herein were designed to address this gap in our knowledge. In previous studies, we demonstrated that synergistic stimulation of B cells through TLRs on the B cells themselves plus their antigen receptor (BCR) and their IFNγ receptor led to T-bet expression and IgG2a/c (referred to as IgG2a in the rest of this manuscript) isotype switching in the targeted B cells \[[@pone.0166322.ref013]\]. T-bet expressing B cells were detected in gammaherpesvirus-infected mice at the peak of the anti-viral humoral immune response and these T-bet+ B cells were crucial for effective viral clearance \[[@pone.0166322.ref013]\]. Thus, T-bet induction in B cells was critical for anti-viral immunity. In addition, T-bet+ B cells were detected in autoimmune mice and humans indicating that they may play a role in the induction of autoimmunity \[[@pone.0166322.ref014]--[@pone.0166322.ref016]\].

In our previous study involving various TLR agonists, TLR7 stimulation induced the highest amounts of IFNγ production by splenic non-B cells and hence, in the presence of anti-BCR antibodies, induced the greatest amount of T-bet expression in co-cultured B cells. However, the splenic cell type(s) that responded to TLR7 ligation by IFNγ production remained unclear. Here we report that memory CD4 and CD8 T cells respond to TLR7 triggering in IL-12 dependent manner, by IFNγ production. We show that T-cell derived IFNγ is critical for the appearance of T-bet+ B cells and IgG2a antibodies. Finally, we provide evidence that this mechanism is required for an effective anti-viral humoral immune response.

Materials and Methods {#sec002}
=====================

Mice {#sec003}
----

C57BL/6, MyD88^fl/fl^, LCK^CRE^, TLR7-/-, B6.SJL, IL-18-/- and CD19^CRE^ mice were purchased from The Jackson Laboratory and bred at the National Jewish Health animal facility. T-bet^fl/fl^ mice were generously provided by Dr. L. Glimcher. Female 6--16 weeks old mice were used for all experiments, all mice were sacrificed using CO~2~. All animals were handled in strict accordance with good animal practice as defined by the relevant national and/or local animal welfare bodies, and all animal work was approved by the National Jewish Health Animal Care and Use Committee (IACUC). The protocol was approved by National Jewish IACUC (protocol number AS2517).

Generation of bone marrow chimeras {#sec004}
----------------------------------

Bone marrow cells were isolated from C57BL/6 (WT), TLR7-/-, or TCRβ-/- mice. The C57BL/6, or TLR7-/- bone marrow cells were mixed with bone marrow from TCRβ-/- mice at 1:4 proportions and 5 x 106 cells were intravenously injected into lethally irradiated (900 rad) C57Bl/6 mice. Mice were rested for 8 weeks before any other manipulations were performed.

In vitro cultures {#sec005}
-----------------

Unseparated splenocytes were cultured at 5x10^6^ cells/ml at various conditions as indicated. TLR agonists were used as follows (chosen based on our previous experience): the TLR7 agonist R848 (Invivogen), at 1 μg/ml; the TLR2 agonist, Pam3Cys, at 250ng/ml; the TLR3 agonist, Poly I:C at 50 μg/ml; the TLR4 agonist, LPS, at 20 μg/ml and the TLR9 agonist, ODN1668 (Invivogen), at 1 μg/ml. IL-12 (p70) (Biolegend) was used at 20 ng/ml, and anti-IL-12 p40 clone C17.8 (eBioscience) at 20μg/ml. "Anti-B cell receptor BCR" was (Fab')2 anti-IgM (Jackson Immune Research) and was used at 5 μg/ml.

Flow cytometry and cell sort {#sec006}
----------------------------

Cells were stained with antibodies to mouse CD4 (clone GK1.5), CD8 (clone 53--6.7), B220 (clone RA3-6B2), CD11c (clone N418), CD19 (clone 1D3) CD44 (clone IM7), CD45.1 (clone A20), CD45.2 (clone 104), CD62L (clone MEL-14). For intracellular IFNγ staining, cells were cultured at 5 x 10^6^ cells/ml for 18h after what Golgi Plug was added for another 5h. Cells were washed, surface stained, fixed with permiabilization/fixation buffer (eBioscience) and stained with in-house made anti-IFNγ antibodies. Cells were analyzed by flow cytometry on a CyAn (Beckman-Coulter) instrument and data were analyzed using FlowJo software (Treestar).

For CD4 and CD8 naïve and memory T cells were sorted using flow sorter, splenocytes were surface stained as indicated and sorted on Synergy (Sony), post-sort purity was checked and was greater than 98% for each sorted population. B cells were isolated as CD43-neagtive fraction of splenocytes using anti-CD43 microbeads (Miltenyi Biotech).

ELISA {#sec007}
-----

Plates were coated with goat anti-mouse total IgG antibodies (Jackson labs). Supernatant IgG was detected with AP-conjugated goat anti-mouse IgG1, IgG2b, IgG2c, IgG3 or total IgG (Jackson Immune Research) as indicated. For IFNγ detection, BD OptEIA mouse IFN-γ ELISA Sets (BD) was used according to the manufacturer's suggestions. To measure antibodies against Friend Virus (FV) ELISA plates were coated with FV lysate prepared as previously described \[[@pone.0166322.ref017]\]. Serum IgG was detected with biotin-conjugated goat anti-mouse IgG2c (SouthernBiotech) followed by HRP-conjugated streptavidin (SouthernBiotech).

Friend virus infection {#sec008}
----------------------

Mice were infected i.v. with 10^4^ spleen focus-forming units of B-tropic FV stock containing only F-MuLV and SFFV (also referred to as 'LDV-free FV' in prior publications) \[[@pone.0166322.ref018]\]. FV stocks were prepared and titered in BALB/c mice as described \[[@pone.0166322.ref019]\]. Spleens and serum were harvested at indicated time points after infection.

Statistics {#sec009}
----------

Data were analyzed with Prism 5 (GraphPad Software) using 2-tailed Student's t tests. Graphs show the mean +/- SEM of the results. \*, p\<0.05, \*\*, p\<0.001, \*\*\*, p\<0.0001

Results {#sec010}
=======

A subset of memory T cells secretes IFNγ upon TLR7 stimulation {#sec011}
--------------------------------------------------------------

We recently demonstrated that, of all the TLRs, engagement of TLR7 induced the highest production of IFNγ by mouse spleen cells \[[@pone.0166322.ref013]\]. At that time we showed that B cells were not the origin of the cytokine. Here we studied this issue in greater depth. First, we confirmed that an agonist for TLR7, compared with agonists for other TLRs, is indeed the most potent inducer of IFNγ by spleen cells. Thus, the percentage of IFNγ+ splenocytes was highest in TLR7 stimulated cultures compared to splenocytes stimulated with other TLR ligands ([Fig 1A](#pone.0166322.g001){ref-type="fig"}). To characterize the IFNγ producing cells, we stimulated the cells with R848 (TLR7 agonist) for 18h and then stained them as described for their surface markers and intracellular IFNγ ([Fig 1B](#pone.0166322.g001){ref-type="fig"}). Very few B cells and no NK cells were IFNγ+ (data not shown). However, more than 60% of the IFNγ+ cells were CD4 or CD8 positive, suggesting that T cells were the major source of the cytokine ([Fig 1B](#pone.0166322.g001){ref-type="fig"}). The IFNγ+ T cells did not bear Tfh or Treg markers (data not shown). However, all the IFNγ+ T cells expressed high levels of CD44, indicating a memory phenotype ([Fig 1B](#pone.0166322.g001){ref-type="fig"}).

![Subsets of CD4 and CD8 memory T cells produce IFNγ in response to TLR7 simulation *in vitro*.\
Splenocytes from C57Bl/6 mice were cultured *in vitro* for 18h in the presence of different TLR agonists (as indicated). Cells were stained for surface markers and intracellular IFNγ. **(A)** Bars represent percentage of total splenocytes positive for intracellular IFNγ. **(B)** Gating strategy for IFNγ+ splenocytes upon TLR7 simulation for 18h (Representative FACS plots) and quantification of CD4 and CD8-positive cells among IFNγ+ splenocytes. **(C)** Bar graphs represent percentages of IFNγ+ among CD4 or CD8 T cells after 18h of splenocytes stimulation with different TLR ligands as indicated. **(D, E)** Percantages of IFNγ+ CD4 and CD8 T cells in response to different doses **(D)** or different time **(E)** of stimulation with R848. Bars represent the means +/- SEM (n = 3). All data are representative of three or more independent experiments. Statistics is shown for each condition over R848 stimulated cultures.](pone.0166322.g001){#pone.0166322.g001}

There are two major subsets of memory T cells, effector and central memory, which can be distinguished by expression of CD62L (high on central memory and low on effector memory cells). The majority of the CD4+ IFNγ+ cells lacked CD62L expression, whereas CD8+ IFNγ+ cells were mostly CD62L+ ([Fig 1B](#pone.0166322.g001){ref-type="fig"}). These data indicate that the CD4 and CD8 cells that secrete IFNγ in response to TLR7 agonists were contained in the effector and central memory pools, respectively. Importantly, intracellular staining confirmed that CD4 and CD8 T cells produced IFNγ only in response to TLR7 engagement but not to other TLR agonists ([Fig 1C](#pone.0166322.g001){ref-type="fig"}). A dose response and time course analysis showed that T cells respond to low doses of R848 (starting at 0.01μg/ml) ([Fig 1D](#pone.0166322.g001){ref-type="fig"}) and that IFNγ production increases with time after addition of the TLR7 agonist to spleen cell cultures, with no IFNγ detected at 0h or 2h time points ([Fig 1E](#pone.0166322.g001){ref-type="fig"}). Together, these data demonstrate that memory CD4 and CD8 T cell subsets produce IFNγ in response to TLR7 stimulation even in the absence of T cell receptor (TCR) engagement. Moreover, the T cells produced IFNγ only in response to TLR7 but not to other TLR ligands.

TLR7 agonists act directly on T cells to induce IFNγ production {#sec012}
---------------------------------------------------------------

All the experiments described above involved cultures of unseparated spleen cells, therefore there are two possible explanations for the ability of T cells to produce IFNγ in response to TLR7 agonists: either T cells respond directly to the agonists, or some other splenic cell detects the TLR7 agonist and produces material that subsequently acts on the T cells (a bystander effect). To distinguish between these two possibilities, we used spleen cells from mice with a T cell-specific MyD88 deletion (generated by intercrossing MyD88^fl/fl^ and LCK^Cre^ mice) ([S1 Fig](#pone.0166322.s001){ref-type="supplementary-material"}). We stimulated splenocytes from C57Bl/6, MyD88^fl/fl^ x LCK^Cre^ mice or MyD88^fl/fl^ littermate controls with R848 (TLR7 agonist), ODN1668 (TZLR9 agonist) or LPS (TLR4 agonist) and measured the levels of IFNγ in the culture supernatants by ELISA and in T cells by intracellular cytokine staining. The cultures that contained MyD88 deficient T cells did not produce IFNγ in response to TLR7 triggering ([Fig 2A](#pone.0166322.g002){ref-type="fig"}) and the T cells in these cultures did not stain intracellularly for IFNγ ([Fig 2B](#pone.0166322.g002){ref-type="fig"}). These data indicate that memory T cells produce IFNγ following TLR7 stimulation via T cell intrinsic MyD88 signaling.

![TLR7 agonist in the presence of IL-12 stimulates T cells directly leading to IFNγ production.\
**(A)** Spleen cells obtained from C57BL/6, MyD88^fl/fl^xLCK^CRE^ and MyD88^fl/fl^ x WTmice were incubated in the presence of different TLR agonists as indicated for 5 days. Supernatants were analyzed for the presence of IFNγ by ELISA. Bar graphs represent concentration of IFNγ in the culture supernatants. **(B)** Spleen cells from MyD88^fl/fl^ xWT or MyD88^fl/fl^xLCK^CRE^ mice were incubated in the presence of different TLR agonists as indicated for 18h. Cells were surface stained and intacellularly stained for IFNγ. Bar graphs represent percentage of CD4 or CD8 T cells which are positive for IFNγ. **(C)** TLR7^-/-^ or conjenically marked WT (B6.SJL) splenocytes were incubated either separately (black bars) or mixed at 1:1 ratio in the presence (R848) or absence (media) of TLR7 agonist. IFNγ production was assessed by intracellular staining and the summary of three independent experiments is shown. Bars represent the means +/- SEM. **(D)** Splenocytes were incubated as indicated for 18h, IFNγ production by CD4 and CD8 T cells in response to indicated stimulations was assessed by intracellular staining. Bar graphs indicate percentage of IFNγ+ cells among CD4 and CD8 T cells. **(E)** WT or IL-18^-/-^ splenocytes were incubated with R848 for 18h, IFNγ production was assessed by intracellular staining and the summary of three independent experiments is shown. Bars represent the means +/- SEM (similar results were obtained for CD8 T cells---not shown). **(F)** Naïve and memory CD4 and CD8 T cells were flow sorted as CD4 (or CD8) positive, CD19^-^, CD44+ (for memory) and CD44^-^ (for naïve). IFNγ production by sorted T cells in response to indicated stimulations was assessed by intracellular staining. Bar graph represent percentage of IFNγ+ sorted memory of naïve CD4 T cells (similar data was obtained for CD8 T cells---not shown). All data are representative of three or more independent experiments.](pone.0166322.g002){#pone.0166322.g002}

MyD88 is an adaptor molecule involved in the transduction of signals from TLRs (except TLR3) and the receptors for cytokines such as IL-1 and IL-18. A recent \[[@pone.0166322.ref012]\] and some older studies \[[@pone.0166322.ref020], [@pone.0166322.ref021]\] demonstrated that IL-1 could play a role in T cell activation. Thus, it is possible that the IFNγ-producing T cells in the TLR7-stimulated culture responded to IL-1 and/or IL-18 produced by other cells, rather than to the TLR7 agonist itself.

To investigate this phenomenon and, in particular, to avoid the possibility of an indirect effect on the T cells, we cultured a mixture of splenocytes obtained from TLR7-/- (CD45.1+) and B6.SJL (CD45.2+) mice at a 1:1 ratio. The mixtures were stimulated with media or R848 and IFNγ production was assessed. As demonstrated in [Fig 2C](#pone.0166322.g002){ref-type="fig"}, only TLR7 sufficient T cells were able to produce IFNγ upon TLR7 ligation. Thus, even in the presence of factors produced in response to TLR7 by other components in the spleen cells, the TLR7-/- memory T cells could not produce IFNγ demonstrating that they themselves had to detect the TLR7 agonist in order to respond.

The combination of IL-12 and IL-18 is known to induce IFNγ production from memory CD8 T cells \[[@pone.0166322.ref022], [@pone.0166322.ref023]\] and the IL-18 receptor signals via MyD88 which, as demonstrated above ([Fig 2A and 2B](#pone.0166322.g002){ref-type="fig"}) is critical for IFNγ production upon TLR7 triggering, we checked whether these cytokines play a role in this process. First, we tested the requirement for IL-12. C57Bl/6 (WT) splenocytes were stimulated with R848 in the presence or absence of anti-IL-12 blocking antibodies. As demonstrated in [Fig 2D](#pone.0166322.g002){ref-type="fig"}, IL-12 blockade significantly reduced the percentage of IFNγ producing T cells. Next we tested whether IL-18 was also involved. Anti-IL-18 antibodies had no effect on induction of IFNγ producing T cells by a TLR7 agonist (data not shown). In an additional test for the role of IL-18, spleen cells from WT or IL-18-/- mice were cultured without or with a TLR7 agonist. As demonstrated in [Fig 2E](#pone.0166322.g002){ref-type="fig"}, the TLR7 agonist induced equal amounts of IFNγ producing T cells from both WT and IL-18-/- splenocytes. Collectively these results show that IL-12 but not IL-18 is needed in order for T cells to produce IFNγ in response to a TLR7 agonist.

To confirm the role of IL-12, produced by non-T cells, we isolated naïve or memory CD4 or CD8 T cells to high purity by FACS sorting and cultured them either in medium alone, or with R848 or a combination of R848 and IL-12. As demonstrated in [Fig 2F](#pone.0166322.g002){ref-type="fig"}, sorted memory, but not naïve, CD4 T cells were able to produce IFNγ in response to TLR7 ligation in the presence of IL-12. The response in the absence of IL-12 was much smaller, conforming that the TLR7 agonist induced IL-12 production by non-T cells. (Similar results were obtained for sorted CD8 T cells---data not shown). This data indicate that the combination of TLR7 agonist and IL-12 is necessary and sufficient for IFNγ production by memory CD4 or CD8 T cells.

Altogether, these data indicate that IFNγ production by T cells following TLR7 simulation occurred through T-cell intrinsic TLR7/IL-12 signaling.

IFNγ produced by memory TLR7-sufficient T cells induce T-bet expression in B cells in response to TLR7 triggering {#sec013}
-----------------------------------------------------------------------------------------------------------------

We previously demonstrated that, following TLR7 stimulation, splenocyte-derived IFNγ and B cell receptor (BCR) crosslinking synergized to induce T-bet expression in B cells \[[@pone.0166322.ref013]\].

We tested the ability of highly pure sorted naïve or memory CD4 T cells to facilitate T-bet induction in B cells. As demonstrated in [Fig 3A](#pone.0166322.g003){ref-type="fig"}, CD4 memory were able to induce significantly higher levels of T-bet expression in B cells compared to naïve T cell, when stimulated with anti-BCR and R848 in the presence of IL-12. In order to confirm that TLR7 expression on T cells is required for T-bet induction in B cells we repeated the experiment using WT or TLR7-/- sorted T cells. [Fig 3B](#pone.0166322.g003){ref-type="fig"} demonstrates that WT T cells induce significantly higher levels of T-bet expression in B cells in the presence of anti-BCR, R848 and IL-12, compared to TLR7-/- T cells.

![IFNγ produced by T cells in response to TLR7/IL-12 simulation is required for T-bet induction in B cells.\
**(A)** Sorted memory or naïve CD4 T cells were mixed with purified naïve B cells and incubated in the presence of anti-BCR, anti-BCR and R848, or combination of anti-BCR, R848 and IL-12 for 48h. Cells were stained for surface markers and intracellular T-bet. Bar graph represents gMFI of T-bet expression in B cells (gated as live, B220+, CD19+, CD4-, CD8-). Bars represent the means +/- SEM. **(B)** WT or TLR7-/- sorted CD4 T cells were mixed with purified naïve WT B cells and incubated for 48h with indicated stimuli. Cells were stained for surface markers and intracellular T-bet. Bar graph represents gMFI of T-bet expression in B cells (gated as live, B220+, CD19+, CD4-, CD8-). Bars represent the means +/- SEM **(C)** WT or TLR7-/- sorted CD4 T cells were mixed with purified naïve WT B cells and incubated in the presence of indicated stimuli for 7 days. Culture supernatants were assessed for the presence IgG2a by ELISA. **(D)** Sorted memory or naïve CD4 T cells were mixed with purified naïve B cells and incubated in the presence of indicated stimuli for 7 days. Supernatants were analyzed for the presence of IgG2a by ELISA. Bars represent the means +/- SEM. Data are representative of three or more independent experiments.](pone.0166322.g003){#pone.0166322.g003}

Overall, the data indicate that IFNγ production by T cells in response to TLR7/IL-12 stimulation contributes to the induction of high levels of T-bet expression in B cells.

IFNγ produced by memory TLR7-sufficient T cells is required for IgG2a class switching upon TLR7 triggering {#sec014}
----------------------------------------------------------------------------------------------------------

Our group and others established that T-bet expression in B cells is required for efficient class-switching to IgG2a \[[@pone.0166322.ref013], [@pone.0166322.ref024]--[@pone.0166322.ref026]\]. We therefore investigated whether TLR7/IL-12 responsiveness of memory T cells is required for IgG2a isotype switching. WT B cells were mixed with WT or TLR7-/- sorted T cells in the presence of anti-BCR, R848 and IL-12. As demonstrated in [Fig 3C](#pone.0166322.g003){ref-type="fig"}, WT but not TLR7-/-T cells were able to induce efficient IgG2a isotype switching in B cells in the presence of R848/IL-12. Furthermore this effect was largely due to the activity of memory rather than naïve T cells since, as demonstrated in [Fig 3D](#pone.0166322.g003){ref-type="fig"}, memory T cells induced significantly higher titers of IgG2a production compared to naïve T cells in the presence of R848 and IL-12 (IgG1 titers were similar both cultures, data not shown).

These data correlate well with the finding that TLR7 induced IFNγ production leads to T-bet induction in B cells, which in turn leads to IgG2a isotype switching.

TLR7 expression in T cells is required for the appearance of T-bet+ B cells and anti-viral IgG2a production during Friend virus infection {#sec015}
-----------------------------------------------------------------------------------------------------------------------------------------

So far we have demonstrated that memory CD4 and CD8 T cells produce IFNγ following TLR7 stimulation in IL-12 dependent manner. Moreover, IFNγ produced by T cells in response to TLR7/IL-12 triggering is required for efficient induction of T-bet in B cells and their subsequent switch to IgG2a production. We previously demonstrated that T-bet expression in B cells is critical for anti-viral IgG2a production and effective viral clearance \[[@pone.0166322.ref013]\]. Since IgG2a is known to be the most efficient IgG subclass for viral clearance \[[@pone.0166322.ref027], [@pone.0166322.ref028]\] we investigated whether TLR7 expression in T cells plays a role in B cell responses to viral infection.

IgG2a is the predominant IgG isotype produced during Friend virus (FV) infection \[[@pone.0166322.ref029]\]. To check that this is accompanied, in FV infection, by the appearance of T-bet+ B cells, we infected C57BL/6 mice with the virus. As shown in in [Fig 4A](#pone.0166322.g004){ref-type="fig"}, we indeed detected T-bet+ B cells at 7--21 dpi with a peak in their numbers at day 14 in C57Bl/6 mice. The T-bet+ B cells co-expressed CD11c as has been previously reported for T-bet+ B cells in γHV68 infection \[[@pone.0166322.ref013]\] (data not shown).

![TLR7 expression in T cells is required for the accumulation of T-bet+ B cells and effective production of anti-viral IgG2a during Friend virus infection.\
**(A)** C57BL/6 mice (n = 5 per time point) were infected with 10^4^ SFFU of Friend virus (FV). Spleens were harvested on day 7, 14, 21 or 28 post infection. The presence of T-bet+ cells among B cells was assessed by FACS. Bar graphs represent percentage of T-bet+ cells among B cells. **(B, C)** Bone marrow chimera were constructed as described in Methods, such as in (TLR7^-/-^ + TCR^-/-^) mice only T cells completely lack TLR7 expression and the rest of the hematopoetic cells were 80% WT and 20% TLR7-/-. Bone marrow chimeras were infected with FV (as in **(A)**) and spleens and serum were harvested on 14 dpi percentage and numbers of T-bet+ or CD11c+ B cells is shown **(B).** Serum collected at 14dpi was assessed for the presence of anti-FV IgG2a by ELSIA **(C)**. **(D)** T-bet^fl/fl^, and T-bet^fl/fl^xCD19^CRE^ mice (n = 4 mice per group) were infected with FV as in (A). Serum was collected at 15 dpi and the presence of anti-FV IgG2a was assessed by ELISA. Bars represent the means +/- SEM. Data are representative of three or more independent experiments.](pone.0166322.g004){#pone.0166322.g004}

To find out whether this phenomenon depended on TLR7 signaling in T cells, we generated (TLR7^-/-^+ TCRβ^-/-^) mixed bone marrow chimeras, in which all T cells were TLR7-/- and the rest of the hematopoietic cells were 80% WT and 20% TLR7-/-.

(TLR7^-/-^ + TCRβ^-/-^) and control chimeras were infected with FV. Their spleen cells were harvested and analysed at 14 dpi. The data indicate that mice with TLR7-deficient T cells had reduced percentages and numbers of T-bet+/CD11c+ B cells ([Fig 4B](#pone.0166322.g004){ref-type="fig"}) when compared with control mice, suggesting that TLR7 expression in T cells is required for efficient T-bet upregulation in B cells during FV infection. Serum levels of anti-viral IgG were measured to find out if the reduction in T-bet+ B cell numbers affected humoral immunity. As shown in [Fig 4C](#pone.0166322.g004){ref-type="fig"}, (TLR7^-/-^ + TCRβ^-/-^) mice had significantly reduced levels of anti-FV IgG2a. Anti-FV IgG2a was still apparent to some extent in the (TLR7^-/-^ + TCRβ^-/-^) mice, probably because TCR engagement of the TLR7^-/-^ FV specific T cells could still induce some IFNγ.

We confirmed that the reduction in T-bet+ B cells was the reason for the reduced anti-viral IgG2a production in these experiments by infecting T-bet^fl/fl^ x CD19^cre/wt^ mice with FV. As shown in [Fig 4D](#pone.0166322.g004){ref-type="fig"}, the results in these animals were similar: mice with a B-cell specific T-bet deletion produced significantly lower levels of anti-FV IgG2a than control animals did.

The mice in these experiments were all on the C57BL/6 background. Such mice are profoundly resistant to FV infection and, in all animals splenic proviral DNA levels were extremely low by day 14 pi. Thus we could not determine whether the absence of TLR7 signaling in T cells or T-bet expression in B cells affected FV titers at this time. However, the data shown here indicate that, during FV infection, T cells respond to TLR7 triggering and this response is necessary for efficient T-bet upregulation in B cells and their isotype switching to IgG2a. In the absence of TLR7 in T cells, the appearance of T-bet+/CD11c+ B cell and IgG2a isotype switching is significantly reduced.

Discussion {#sec016}
==========

In this report we show that subsets of memory T cells (CD4 effector and CD8 central memory) respond to TLR7/IL-12 stimulation by producing IFNγ. The idea that T cells could respond to TLR ligands used to be controversial. However, many recent studies have shown that some T cells express TLRs and respond accordingly to their ligands \[[@pone.0166322.ref003], [@pone.0166322.ref030]--[@pone.0166322.ref032]\]. Most of these studies were performed under conditions in which the T cells were also activated by ligation of their TCRs. However, one study showed that, in contrast to naïve T cells, human memory T cells could make small amounts of IFNγ in response to TLR ligation, although, even in this case, the response was very much improved by co-ligation of TCR \[[@pone.0166322.ref007]\]. Our demonstration here that TLR7 ligand in combination with IL-12 can induce enough IFNγ production by a subset of memory T cells to have consequences for, at least, B cell responses is therefore the first to show that this phenomenon may be more than an intellectual curiosity. Indeed, it suggests that this type of T cell activation could occur in the absence of antigen challenge and might occur chronically in animals and humans that do not efficiently clear TLR7 ligands, such as single stranded RNA released from dying cells, with consequences for the animal involved.

It was surprising that, as we have previously demonstrated, TLR7 was the only TLR ligand that generated IFNγ production by memory T cells in particular and by whole splenic cells in general \[[@pone.0166322.ref013]\]. This result raised the question how TLR7 differs from other TLRs in this particular process? So far we do not have an explanation for this phenomenon. None of the existing studies indicate elevated levels of *tlr7* or even *MyD88* gene expression in memory T cells (<http://www.immgen.org>) leaving us with suggestion that, perhaps, TLR7 signaling is differently regulated in memory T cells. It is also possible that different TLRs induce different amounts of IL-12 from splenic cells, which in turn is required for IFNγ production by memory T cells. All of these very important questions will be explored in the future.

It has been previously demonstrated by several groups that memory T cells can produce IFNγ in antigen-independent manner in response to IL-12/IL-18 \[[@pone.0166322.ref022], [@pone.0166322.ref023], [@pone.0166322.ref033]\]. The mechanism of IL-12/IL-18 synergy has recently been described indicating that IL-12 signaling leads to the generation of *infg* mRNA and IL-18-induced signaling is needed for the stabilization of this massage. Since both IL-18 and TLR7 signal via MyD88, it is possible that TLR7 plays similar role stabilizing *ifng* mRNA, leaving us with the same question: why TLR7 is the only TLR capable of IFNγ induction from memory T cells.

Others and we have shown that IFNγ induces T-bet expression and switching in B cells to production of immunoglobulin of the IgG2a isotypes \[[@pone.0166322.ref013], [@pone.0166322.ref024], [@pone.0166322.ref026]\]. It is fairly well known that, in mice, this antibody isotype effects the most efficient clearance of viruses, perhaps because it binds activating Fc receptors with the highest affinity \[[@pone.0166322.ref034]\]. Therefore our finding that, TLR7 ligands, via T cell production of IFNγ, induce switching to IgG2a most efficiently is not surprising. However, it is surprising that this phenomenon is manifested even in virus infected mice. In these animals virus specific CD4 and CD8 T cells are activated and might be expected to produce copious amounts of IFNγ, even in the absence of engagement of their endogenous TLR7. Such was not observed, however. In the absence of TLR7 in T cells, infection with FV induced significantly less IgG2a production. Thus our experiments underline the importance of the pathway we have uncovered, and explain more fully how the most effective antibody responses to virus are induced.

The findings reported here may be relevant to the design of vaccines in humans. At the moment it is not clear exactly which IgG isotypes clear virus most effectively in humans, nor how switch to such isotypes can be induced. If the results reported in this manuscript apply also to humans, they suggest that vaccines that contain a TLR7 agonist as an adjuvant might create the most appropriate types of immune response for virus clearance.

Supporting Information {#sec017}
======================

###### T cell specific deletion of MyD88 in MyD88flox/flox x LCK-cre mice.

Splenocytes from MyD88flox/flox x LCK-cre (red line), MyD88flox/flox x LCK-wt (blue line) or MyD88KO (gray solid histogram) were stained for surface markers and intracellularly stained for MyD88. MyD88 expression on T cells or B cells is shown.

(PDF)
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Click here for additional data file.
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